Within a biofilm, individual cells might perform only a subset of activities required for overall success of the biofilm. A new study examining matrix production, a task necessary for biofilm formation, shows possible mechanisms of genetic or phenotypic division of labor.
Division of labor -subpopulations performing different tasks simultaneously within an assembly -is pervasive in biology. In multicellular organisms, differentiation of cells into different tissues and organs is a clear example. Division of labor can happen among a group of individuals as well. In termite colonies, for instance, queens and kings are specialized for reproduction, workers forage and collect food, and soldiers primarily defend workers [1] . Division of labor is an important concept, allowing a better understanding of how complexity arises and is maintained in biological systems. A new study by Drago s et al. [2] , published in this issue of Current Biology, aims to reveal the molecular mechanism used by a common soil bacterium and model system, Bacillus subtilis, to explain the division of labor amongst cells engaged in biofilm matrix production.
Microbial assemblies, especially within a biofilm, are already known to demonstrate division of labor [3] [4] [5] [6] [7] [8] [9] [10] [11] . In B. subtilis biofilms, for example, even a genetically clonal population gets divided into subpopulations with drastically different activities [12] . Genetically similar cells in these biofilms differentiate into cells specialized for motility, matrix production, and sporulation, all of which are important for overall success of the biofilm. But how do the costs and benefits of division of labor for each cell favor the maintenance of such a scheme amongst individuals?
Revealing the mechanisms of how division of labor is implemented in a biological system is an important question. Take persistent microbial infections as an example: synergy among microbes through division of labor can make them more harmful to us. In chronic wounds, Pseudomonas aeruginosa and Staphylococcus aureus divide virulence tasks, making it harder for the immune system or antibiotics to suppress them [13] . Similarly, in the lungs of humans with cystic fibrosis, the differentiation of P. aeruginosa is thought to make it harder to treat the infection [14, 15] .
It is challenging to tease apart how division of labor takes place in natural settings in which underlying mechanisms are often muddied by the multitude of unknowns and uncertainties about individuals, interactions, and the environment. Therefore, in the new study, Drago s and colleagues [2] focus on B. subtilis as a tractable system to explain the origination and maintenance of division of labor. The capability to monitor, control, and manipulate subpopulations in this system offers a direct way to mechanistically explore the maintenance of division of labor. Two techniques are primarily used: fluorescent markers are used to monitor the expression of relevant genes, and specific mutants are constructed to assess the impact of corresponding genes. This combination allows them to examine both genetic and phenotypic aspects of division of labor.
In particular, Drago s et al. [2] focus on the production of an extracellular matrix, which is comprised of two major components -an exopolysaccharide (EPS) and the protein TasA. These components help form the extracellular matrix of the biofilm, but their production comes at a cost. Drago s et al. [2] generated mutant strains of B. subtilis that lacked either the ability to produce EPS (Deps) or the TasA protein (DtasA) and show directly that, indeed, the wild-type strain incurs a production cost compared to the mutants that do not contribute to matrix production. They also find that EPS and TasA are shared goods. When mixed in a culture, Deps and DtasA mutants complement each other and form a biofilm comparable to the wild type, whereas individual mutants on their own fail to form a biofilm ( Figure 1A ). This shows that matrix production can in fact be divided into two tasks, and subpopulations taking on these two separate tasks still achieve the overall function.
Does then the wild-type population split into EPS producers and TasA producers to divide the burden of matrix production? Not quite. Drago s et al. [2] used fluorescent reporters to monitor the expression of EPS and TasA; instead of a complete EPS-TasA divide ( Figure 1B , bottom), they observed three types of individuals in wild-type populations: matrix nonproducers, EPS producers, and generalists, which produce both EPS and TasA ( Figure 1B, top) . This means that there is a phenotypic diversity within the wild-type biofilm for genes linked to matrix production.
Is the phenotypic diversity observed in the wild-type biofilm optimized for productivity? To answer this question, Drago s et al. [2] used Deps and DtasA mutants at different ratios, allowing them to explore the range of productivity achievable with genetically determined specialization. They observed that biofilm productivity was maximized when Deps and DtasA mutants were mixed at a ratio of 30:70, and that this productivity significantly exceeded the productivity of the wild-type biofilm. To examine whether the observed superior productivity is transient or if it can be stable, they examined the relative fitness of Deps and DtasA mutants with respect to each other throughout one round of the biofilm lifecycle. Interestingly, at Deps fractions of 20-30% -close to the range optimized for biofilm production -the two strains showed similar fitness. Although this match between the range of stability and the range of optimal productivity may be coincidental, their finding suggests that an efficient division of labor between genetic specialists can also be stable.
Does the observed division of labor in biofilm formation still hold in a more ecologically relevant setting? Drago s et al. [2] examined the colonization of the roots of Arabidopsis thaliana seedlings by B. subtilis. Similar to what was observed in cultured medium, division of labor between EPS producers and TasA producers still held: wild type and a mixture of Deps and DtasA mutants formed biofilms, whereas Deps and DtasA monocultures did not. Interestingly, again the specialists Deps and DtasA were able to achieve higher biofilm productivity compared to the wild type. Moreover, even starting the two strains at a 1:1 ratio, the Deps fraction was estimated to converge to 20-30% in multiple replicates, in line with the population ratio that would lead to maximal productivity and a stable ratio in media culture experiments.
Finally, the authors examined the evolution of division of labor using an individual-based model of bacterial growth, dispersal, and public-goods sharing [16] . This modeling framework allows additional tests of hypotheses related to division of labor that would be hard to implement experimentally. In particular, the authors examined how adding a metabolic burden for producing the two required public goods (compared to producing one or the other) impacted productivity. The model showed that productivity dropped by increasing the influence of such a constraint. This suggests that division of labor can be an evolutionary solution, if such a metabolic constraint exists. Their model also predicted that intermediate levels of specialization could not improve productivity compared to pure specialists. Further, the model predicted that intermediate ratios of two specialists would lead to optimal productivity, corroborating their experimental observations. If division of labor among specialists leads to a more productive biofilm, why has B. subtilis evolved towards partial phenotypic differentiation instead? The authors speculate that other evolutionary and ecological forces might be at play: for example, there might be additional dependencies and/or trade-offs in genetic pathways, or the optimal ratio of subpopulations for matrix production may not match the optimal ratio for dispersal.
How division of labor can evolve and stabilize remains an intriguing question. The combination of mathematical modeling and experimentation under controlled conditions, as performed by Drago s et al. [2] , offers a roadmap for how to go beyond phenomenological description of possibilities and gain insights about the underlying mechanisms. This work paves the way for future investigation into different strategies of division of labor.
Northern fur seals forego large amounts of rapid eye movement (REM) sleep when sleeping in water, but remain healthy and do not recover this loss once back on land, challenging current theories for the function of REM sleep.
Each night many of us retreat to the comfort of our bed and sleep for at least 7 hours, as recommended by sleep experts [1] . For others, social pressures, parental care, and work reduce sleep below this target, causing impairments in waking neurobehavioral performance (e.g., attention, memory, motivation, and emotion regulation) that compromise our ability to interact adaptively with the environment [2, 3] . Over the long-term, sleep loss can also adversely affect our health [1] . We are not unique in our need for sleep. Animals ranging from vertebrates to invertebrates sleep [4, 5] and exhibit reduced performance when deprived of this primitive need [6] . In addition, just as we sleep longer on the weekend to recover sleep lost during the work-week, other animals show a similar homeostatic response to sleep loss. However, in this issue of Current Biology, Lyamin and
